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Abstract Boll number, lint percentage, and boll

weight are three component traits for lint yield of

upland cotton, Gossypium hirsutum L. Selecting high

yielding lines or hybrids depends on the ability to

dissect the genetic relationship of lint yield with these

component traits. In this study, 14 day-neutral lines

with desirable fiber quality derived from primitive

accessions were top crossed with five commercial

cultivars. The F2 populations and parents were grown

in one location in 1998 and two locations in 1999 at

Mississippi State, MS. The F3 populations and

parents were grown in two locations in 2000. Lint

yield and three component traits were measured and

analyzed by the ADAA genetic model with the mixed

model based conditional approach. Results showed

that boll number or boll number with lint percentage

or boll weight contributed to the majority of the

phenotypic variance and variance components for lint

yield. Boll number was more important than the other

two component traits in terms of various genetic

effects. The results also showed that the combination

of boll number and boll weight greatly increased the

contribution to lint yield even though boll weight

itself had no significant contribution to lint yield

compared to boll number alone. The genetic contri-

bution effects were also predicted due to single

component traits or their combinations for parents

and crosses. The results revealed that the balanced

selection of boll weight and boll number should be

considered to obtain high yielding hybrids or pure

lines.

Keywords Contribution ratio � Conditional genetic

model � Cotton yield traits � Upland cotton

Abbreviations

ADAA Additive, dominance, additive · additive

genetic model

CR Contribution ratio

Introduction

Cotton, Gossypium spp., as one of the most important

cultivated crops in the world, is the leading fiber

resource for the textile industry. Developing high

yielding cotton cultivars with improved fiber traits
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and resistance to environmental stress is the primary

breeding task nowadays. Research showed that the

average coefficients of parentage among 260 cultivars

released from 1970 to 1990 was 0.7 (Bowman et al.

1996); however, upon examining pedigrees 236 cases

of reselections were found in these 260 cultivars

(Bowman et al. 1997; Calhoun et al. 1994, 1997).

Such a high rate of reselection in cultivar develop-

ment is an indication of a narrow genetic base that

may result in limited genetic gain and increased

vulnerability to stressful environments.

The derived lines from primitive accessions of

G. hirsutum have been reported to contain useful

genetic resources for upland cotton improvement

(Percival 1987; Percival and Kohel 1990; Meredith

1990; McCarty and Jenkins 1992; McCarty et al.

1995, 1998a, b; 2004a, b; 2005a, 2006). In order to

understand their utility in breeding programs, some

derived day-neutral lines have been further investi-

gated in their hybrid forms (Swindle 1993; McCarty

et al. 2003, 2004a, b; 2005a). Previous reports

showed that more than 50 out of 70 F2 or F3 hybrids

had improved fiber strength compared to the cultivar

Deltapine 50 while remaining high yielding levels

comparable to their commercial cultivars in their

hybrid forms (McCarty et al. 2003, 2004b).

Boll number, boll weight, and lint percentage are

three influential component traits to lint yield in

cotton. Worley et al. (1974) reported that bolls per

unit of land area were the leading contributor to lint

yield. Maintaining a high lint percentage was neces-

sary to ensure high lint yield (Culp and Harrell 1975).

Covariance component analyses have shown that lint

yield was significantly dependent on each of these

three yield components concerning different genetic

effects (Wu et al. 1995; Tang et al. 1996; McCarty

et al. 1998a).

Correlation analysis, multiple linear regression

analysis, and path analysis are three common

approaches used to detect the relationship between

a target trait and its component traits (Wright 1920;

Worley et al. 1974; Culp and Harrell 1975; Bora et al.

1998; Samonte et al. 1998; Cramer and Wehner 2000;

Ball et al. 2001). Several other approaches have also

been proposed for analyzing a complex trait with

multiplicative component traits (Sparnaaij and Bos

1993; Melchinger et al. 1994; Peipho 1995). How-

ever, the above approaches are not able to dissect the

relationships between a target trait and its component

traits in terms of different genetic effects. The mixed

model based conditional approach has been proposed

so that complicated genetic relationships between a

complex trait and its component traits can be detected

(Zhu 1995; Wu et al. 2004, 2006a; Wen and Zhu

2005; Xia et al. 2005). Zhu (1995) reported that bolls

per plant contributed to about 45% of the variation in

lint yield in terms of additive and additive by

environment interaction effects, while 2% of the

variation was contributed by dominance and domi-

nance by environment interaction effects. However,

Zhu’s (1995) approach was based on single variable

conditional analysis. Yield components have been

reported to be significantly correlated (Wu et al.

1995; Tang et al. 1996; McCarty et al. 1998a), which

could greatly complicate the multivariable condi-

tional analysis under a particular genetic model.

Thus, a recursive conditional approach with flexibil-

ity of genetic model extension was proposed

(Wu et al. 2006a). With this recursive approach,

multivariate conditional variance components and

condition effects can be easily calculated. In addition,

the contribution ratios and contribution effects can be

determined accordingly (Wu et al. 2004, 2006a). Our

previous results showed that boll number or boll

number with other component trait(s) was the major

contributor to lint yield in terms of genotypic effects

(Wu et al. 2004, 2006a). The mixed model based

conditional analysis has also been used in tobacco

(Xiao et al. 2005).

Additive · additive (AA) effects, as one type of

epistatic effects, are very important because they can

be fixed for pure line selection (Cheverud and

Routman 1996; McCarty et al. 2004a) and can be

used for hybrid prediction as well (Xu and Zhu 1999;

McCarty et al. 2004b). Previous studies have showed

the existence of AA effects for yield and yield

component traits (Xu and Zhu 1999; McCarty et al.

2004a, b, 2005b; Wu et al. 2006b). In a study

conducted by McCarty et al. (2004a, b) genetic

variance components and genetic effects for several

agronomic and fiber traits were reported while the

genetic associations between lint yield and its three

component traits have not been determined. In the

present study we applied the conditional ADAA

genetic model extended from our previous study (Wu

et al. 2006a) to further reveal the genetic relationships
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between lint yield and its component traits, and thus

it is a continuation of our previous studies (McCarty

et al. 2004a, b). Conditional variance components,

contribution ratios, and contribution effects for dif-

ferent component traits were determined. The results

should provide a better understanding of genetic

relationship between lint yield and yield component

traits and could be applied to lint yield improvement

through appropriate indirect selection on one or

several component traits.

Materials and methods

Plant materials and experimental design

The mating design used for this experiment was a

North Carolina Design II (Comstock and Robison

1948). Five cultivars used as female parents were

crossed to each of fourteen males in 1997 (McCarty

et al. 2003, 2004a, b). The male parents were derived

from day-neutral selections from crosses of cultivars

with exotic primitive race accessions. Female parents

were 1. ‘Deltapine 50’ (DP50), 2. ‘DES119’,

3. ‘Stoneville 474’ (ST474), 4. ‘Deltapine Acala 90’

(DP90), and 5. ‘Sure-Grow 125’(SG125). The male

parents were inbred lines (F6 lines) and were

designated as parents 6 through 19. They were as

follows: M75-1(6), M1388-1(7), M1388-2(8),

M1388-3(9), M239-1(10), M239-2(11),M239-3(12),

M239-4(13), M239-5(14), M239-6(15), M239-7(16),

M237-1(17), M237-2(18), and M237-3(19), where,

male parents 7 through 9, 10 through 16, and parents

17 through 19 were sister lines selected from F2

individuals of the same cross. A complete description

of how the male parent lines were developed was

provided by McCarty et al. (2003).

Crosses and subsequent evaluations were con-

ducted at the Plant Science Research Center,

Mississippi State, MS (33.4� N, 88.8� W). F1 and

male parent seed were sent to a winter nursery to

produce the F2 and provide for seed increase. Seed

from the 70 F2 hybrids and the 19 parents (5 female

cultivars and 14 exotic males) were grown at one and

two locations in 1998 and 1999, respectively. Seeds

were harvested from the 1999 test and the resulting F3

populations and parents were grown at two locations

in 2000.

The combination of year and location (Loc) was

considered as environments (Env) for the purpose of

statistical analyses. The environments were as

follows: Env 1 = 1998, Loc 1; Env 2 = 1999, Loc

1; Env 3 = 1999, Loc 2; Env 4 = 2000, Loc 1; Env

5 = 2000, Loc 2. The experimental design was a

randomized complete block with four replications at

each location each year. Plot size for environments

1, 3, and 5 was a single row 12 m in length with

row spacing of 0.97 m. Plot size for environments 2

and 4 was a single row 9 m in length with row

spacing of 0.97 m. The planting for environment

one was a two planted-one skip row pattern;

whereas, other environments were planted in a solid

row pattern. The stand density for all environments

was one plant spaced approximately 10 cm apart.

Environments one, three, and five soil type was a

Marietta silty clay loam (Fine-loamy, siliceous,

active, Fluvaquentic Eutrudepts). Environments two

and four soil type was a Marietta loam (Fine-loamy,

siliceous, active, fluvaquentic Eutrudepts). Standard

production practices were followed at all

environments.

A 25-boll, hand-harvested sample was collected

from each plot prior to machine harvest. These

samples were weighed and ginned on a laboratory

10-saw gin to determine boll weight and lint

percentage. The plots were harvested with a mechan-

ical picker, and the seed cotton was weighed and this

data was used to calculate yields. Boll number per

hectare was calculated by dividing seed cotton yield

by boll weight (Tang et al. 1996). Lint yield per

hectare was determined by multiplying seed cotton

yield by lint percentage.

Genetic models and analysis methods

Additive-dominance additive · additive (ADAA)

and G · E interaction genetic model was employed

for data analysis (Zhu 1994; McCarty et al. 2004a;

Wu et al. 2006b).

The mixed linear models were as follows:

Parents:

yhiikðPÞ ¼ lþ Eh þ 2Ai þ Dii þ 4AAii þ 2AEhi

þ DEhii þ 4AAEhii þ BkðhÞ þ ehiik

ð1Þ
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F2:

yhijkðF2Þ ¼lþ Eh þ ðAi þ AjÞ þ
1

4
Dii þ

1

4
Djj þ

1

2
Dij

þ ðAAii þ AAjj þ 2AAijÞ

þ ðAEhi þ AEhjÞ þ
1

4
DEhii þ

1

4
DEhjj

þ 1

2
DEhij þ ðAAEhii þ AAEhjj þ 2AAEhijÞ

þ BkðhÞ þ ehijk

ð2Þ

F3:

yhijkðF3Þ ¼lþ Eh þ ðAi þ AjÞ þ
3

8
Dii þ

3

8
Djj þ

1

4
Dij

þ ðAAii þ AAjj þ 2AAijÞ

þ ðAEhi þ AEhjÞ þ
3

8
DEhii þ

3

8
DEhjj

þ 1

4
DEhij þ ðAAEhii þ AAEhjj þ 2AAEhijÞ

þ BkðhÞ þ ehijk

ð3Þ

Where,

Ai (or Aj) is additive effect form parent i(or j), Ai or

Aj * N(0, r2
A);

Dii, Djj or Dij is the dominance effect, Dii, Djj or Dij

*N(0, r2
D);

AAii, AAjj, or AAij is the additive · additive (AA)

epistasis effect, AAii, AAjj, or AAij * N(0, r2
AA);

AEhi (or AEhj) is additive by environment interac-

tion effect, AEhi (or AEhj) * N(0, r2
AE);

DEhii, DEhjj or DEhij is the dominance by

environment interaction effect, DEhii, DEhjj or

DEhij * N(0, r2
DE);

AAEhii, AAEhjj, or AAEhij is the AA by environment

interaction effect, AAEhii, AAEhjj, or AAEhij *
N(0, r2

AAE);

Bk(h) is the block effect with Bk(h) * N(0, r2
B);

ehijk is the random error with ehijk * N(0, r2
e).

With this ADAA model in conjunction with the

recursive approach (Wu et al. 2006a) the conditional

and unconditional variance components were esti-

mated by MINQUE (1), in which all prior values

were set as 1.0 (Zhu 1989). Conditional and uncon-

ditional effects were predicted by an adjusted

unbiased prediction (AUP) approach (Zhu 1993).

Both unconditional and conditional phenotypic

variance (Vp) was defined as follows, Vp=VA +

VD+VAA+VAE+VDE+VAAE+Ve where, VA = 2r2
A for

additive effects, VD=r2
D for dominance effects,

VAA=4r2
AA for additive · additive effects, VAE=2r2

AE

for additive by environment interaction effects,

VDE=r2
DE for dominance by environment effects,

VAAE = 4r2
AAE for AA by environment interaction

effects, and Ve=r2
e for random errors. The quantity

1.0 –VP(LY|component(s))/Vp(LY) is defined as the pheno-

typic contribution ratio CRP(component(s)?LY) from

single or multiple component traits, where r2
P(LY|com-

ponent(s)) is the phenotypic conditional variance

(obtained in this study) and r2
P(LY) the unconditional

variance (obtained in previous study, McCarty et al.

2004a) for lint yield, respectively. The quantity

1.0–r2
u(LY|component(s))/r

2
u(LY) is defined as the contri-

bution ratio CRu(component(s))?LY) from single or

multiple component traits for the u-th random effect,

where r2
u(LY|component(s)) is the u-th conditional vari-

ance component and r2
u(LY) the u-th unconditional

variance component for lint yield (Zhu 1995; Wu

et al. 2004, 2006a). The vector eu(LY)-eu(LY|component(s))

is defined as the u-th contribution effect vector,

eu(component(s) ?LY), from single or joint yield compo-

nents to lint yield, where eu(LY) is the u-th effect

vector for lint yield and eu(LY|component(s)) is the u-th

conditional effect vector for lint yield given one or

more component traits (Wu et al. 2006a). Resampling

(the jackknifing) method was applied to calculate the

standard error (SE) for each parameter by removal of

each block within environment (20 blocks in total)

(Miller 1974). An approximate t-test (degrees of

freedom = 19) was used to detect the significance of

each parameter and 95% confidence intervals were

used to test the difference among parameters. All data

analyses were conducted using a self-written program

in C++ (Wu et al. 2004, 2006a).

Results

Phenotypic correlations among lint yield

and yield components by generations

Phenotypic correlations among lint yield and three

yield components are summarized for parents, F2
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populations, and F3 populations, respectively (Table 1).

Lint percentage for parents had significant and

positive correlations with boll weight (0.23), boll

number (0.30), and lint yield (0.58) (Table 1). Lint

yield were positively correlated with boll weight

(0.34) and boll number (0.92). Lint percentage for F2

populations was only negatively correlated with boll

weight (–0.32) (Table 1). Boll number was nega-

tively correlated with boll weight (–0.25) and

positively correlated with lint yield (0.98). In contrast

to parents, lint percentage for F3 populations was

negatively correlated with three traits, boll weight,

boll number, and lint yield (–0.46, –0.30, and –0.24,

respectively) (Table 1). Boll weight was positively

correlated with boll number (0.39) and lint yield

(0.59) and boll number was highly correlated with

lint yield (0.96) for F3 populations.

In summary, lint yield was highly correlated with

boll number for parental lines, F2 populations, and F3

populations, indicating that lint yield was mainly

determined by boll number. On the other hand, the

correlation structures among these agronomic traits

except correlation between boll number and lint yield

differed among generations. Thus, the results indi-

cated that other genetic factors might also be

responsible for these traits in addition to additive

effects (McCarty et al. 2004a).

Contribution ratios due to yield components

Variance component proportions for yield and yield

components were reported previously with the

ADAA model (McCarty et al. 2004a). The contribu-

tions to the phenotypic variance for lint yield were

6.1%, 25.4%, 3.0%, 3.2%, 31.4%, and 2.7% due to

additive effects (A), dominance effects (D), addi-

tive · additive (AA) effects, additive · environment

interaction (AE) effects, dominance · environment

interaction (DE) effects, AA · environment interac-

tion (AAE) effects, respectively, indicating that

dominance effects and DE effects were primarily

responsible for the phenotypic variance in lint yield

(McCarty et al. 2004a). In this study, the conditional

variance components for lint yield given one or more

component traits (data not presented) were estimated

and the contribution ratios were calculated according

to the conditional ADAA model (Table 2). Sixty nine

percent, 38%, 23%, and 34% of the variance

components for additive (A), dominance (D),

A · environment (AE), and AA · environment

effects in lint yield were contributed by lint percent-

age. Since additive effects had small contribution

(6.1%) to lint yield, even though large percentage of

additive variance for lint yield (69%) was due to lint

percentage, small contribution to phenotypic variance

(19%) was due to this component trait. Twenty four

percent of AA variance in lint yield was accounted

for by boll weight. Boll number had a large

contribution to phenotypic variance (81%) as did all

variance components (50%, 86%, 80%, 69%, 84%,

66%, and 85%) regarding the effects of A, D, AA,

AE, dominance · environment (DE), AAE, and

residual for lint yield. Additive and dominance

variances (68% and 34%, respectively) for lint yield

contributed by both lint percentage and boll weight

were similar to those by lint percentage alone.

However, variances for AA, AE, and AAE effects

(37%, 36%, and 100%, respectively) in lint yield

contributed by both lint percentage and boll weight

were higher than those by lint percentage alone.

Seventy eight percent, 94%, 78%, 77%, 85%, 85%,

and 72% for variances of additive, dominance,

AA, AE, DE, and AAE effect in lint yield were

contributed by both lint percentage and boll number.

Combination of boll number and boll weight made

numerically more than 80% of contributions for each

of variance components (86%, 100%, 92%, 87%,

Table 1 Phenotypic correlations among lint yield (LY) and

yield components, lint percentage (LP), boll weight (BW), and

boll number (BN), by generations (parent, F2, and F3)

Parent

BW BN LY

LP 0.23** 0.30** 0.58**

BW 0.10 0.34**

BN 0.92**

F2

BW BN LY

LP –0.32** 0.09 0.11

BW –0.25** –0.11

BN 0.98**

F3

BW BN LY

LP –0.46** –0.30** –0.24**

BW 0.39** 0.59**

BN 0.96**

*, significant at £ 0.05

**, significant at £ 0.01
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93%, and 100% for variances of additive, dominance,

AA, AE, DE, and AAE effects, respectively). Three

yield component traits made numerically more than

90% contributions to all variance components except

for that of AE effects (89%) in lint yield.

In summary, boll number or boll number with

other yield components contributed to the majority of

phenotypic variance and variance components in lint

yield, indicating that boll number played a more

important role for lint yield than the other two

component traits, lint percentage and boll weight.

Noticeably, the combination of boll number and boll

weight made larger contributions to lint yield than the

combination of boll number and lint percentage even

though lint percentage was more important than boll

weight in determination of lint yield in this study.

Similar results were also reported in our previous

studies (Wu et al. 2004, 2006a). Therefore, balanced

selection of boll weight and boll number should be

applied to obtain high yielding pure lines. Since

additive effects had small contribution to lint yield,

small contribution ratio (up to 6.1%) to the pheno-

typic variance for lint yield due to one or more

component traits would be expected.

Contribution effects

Contribution ratios help us to determine the impor-

tance of each component trait or each combination of

component traits contributed to lint yield. Breeders

may also be interested in which trait or trait

combination that is important for specific parents or

crosses. Therefore, various types of genetic contri-

bution effects to lint yield were predicted in this

study. These genetic contribution effects from yield

component(s) to lint yield could be used for indirect

selection for high-yielding pure lines (additive con-

tribution effects and AA contribution effects) and/or

hybrids (dominance contribution effects and AA

contribution effects) and they are summarized in

Tables 3–5.

Additive contribution effects

Additive effects for a quantitative trait can be

considered as general combining ability effects,

which can be used for pure line selection. Thus,T
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additive contribution effects can also be considered

as indirect general combining ability effects, which

can be used for pure line selection of a target trait.

The correlations between predicted additive effects

for lint yield and additive contribution effects to lint

yield were estimated. Except for additive contribution

effects due to boll weight, additive effects for lint

yield had significant and positive correlations with

additive contribution effects due to each single

component trait or each combination of these com-

ponent traits, showing that the squared correlation

coefficients were very close to the additive contribu-

tion ratios and thus indicating the consistence of

additive contribution ratios and additive contribution

effects.

P2 (parent 2) to P5 (parent 5) had positive additive

contribution effects on lint yield due to lint percent-

age alone, while P7, P8, P10, P11–P14, P16, and P17 had

significant negative additive contribution effects on

lint yield due to lint percentage (Table 3). Previous

reports showed that P2–P4 had very positive additive

effects on lint percentage while P7, P8, P10–P14, and

P16-P17 had negative additive effects on lint percent-

age (McCarty et al. 2004b). P1, P5, P6, and P9 had

positive and significant additive contribution effects

while P10–P13, P18, and P19 had negative additive

contribution effects on lint yield due to boll number

alone. Additive contribution effects for lint yield due

to boll weight were not detected (therefore they are

not included in Table 3), indicating that boll weight

was not responsible for the additive variance for lint

yield in this study. Small genotypic contribution

effects on lint yield due to boll weight were also

reported previously (Wu et al. 2004, 2006a). Additive

contribution effects on lint yield due to lint percent-

age and boll weight were positive and significant for

all female parents, P1–P5, showing a similar pattern

with the additive contribution effects due to lint

percentage alone (with correlation coefficient of 0.98).

Negative additive contribution effects on lint yield

due to lint percentage and boll weight were

significantly detected for P7–P9, P11–P14, and

Table 3 Additive effects for lint yield (kg ha–1, first column) and additive contribution effects to lint yield (kg ha–1, the remaining

columns)

Parents LYa LP ? LY BN ? LY LP &

BW ? LY

LP &

BN ? LY

BW &

BN ? LY

LP, BW &

BN ? LY

1. DP50 71.9** 28.4 48.0** 34.7* 39.2* 79.7** 71.9**

2. DES119 115.1** 85.8** 56.7 92.4** 92.0** 85.8** 115.1**

3. ST474 73.5** 74.3** 18.5 74.1** 66.9** 28.7* 73.5**

4. DP90 25.7 33.7** –21.8 41.1** 17.4 –3.6 25.7

5. SG125 109.9** 72.3** 60.1** 76.8** 83.9** 91.4** 109.9**

6. M75-1 18.5 –14.8 57.4** –24.1 21.2 30.9* 18.5*

7. M1388-1 –11.8 –11.2* –1.6 –16.5* –9.4 –13.4 –11.8

8. M1388-2 –45.0** –27.0** –18.3 –30.3** –29.3* –38.4** –45.0**

9. M1388-3 –44.5** –10.6 52.0** –35.2** 29.4* –35.1** –44.5**

10. M239-1 –19.1 –17.3* –38.3* –8.5 –36.8* –6.2 –19.1

11. M239-2 –40.2** –40.7** –25.9* –36.3** –45.6** –20.6 –40.2**

12. M239-3 –49.1** –37.9** –37.2* –35.9** –48.7** –37.1* –49.1**

13. M239-4 –47.2** –50.4** –65.6** –33.3** –78.0** –13.0 –47.2**

14. M239-5 –7.4 –24.2* 9.4 –25.4* –13.5 6.9 –7.4

15. M239-6 –7.8 –9.4 –17.5 –7.6 –19.8 –9.9 –7.8

16. M239-7 –3.9 –35.9* 9.0 –33.9* –22.8* 18.8* –3.9

17. M237-1 –39.9** –31.3** 10.7 –45.2** –16.5 –29.4** –39.9**

18. M237-2 –43.6** 6.8 –25.1* –0.6 –6.9 –62.7** –43.6**

19. M237-3 –49.2* 12.5 –71.1** 16.8 –22.8 –73.1** –49.2**

*, significant at £0.05; **, significant at £0.01
a Additive effects for lint yield are listed in the first column, additive contribution effects to lint yield due to each component trait or

combination of component traits are listed in the second to sixth columns
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Table 4 Dominance effects for lint yield (kg ha–1, first column) and dominance contribution effects to lint yield (kg ha–1, the

remaining columns)

Crossa LYb LP ? LY BW ? LY BN ? LY LP &

BW ? LY

LP &

BN ? LY

BW &

BN ? LY

LP, BW &

BN ? LY

1 · 1 –137.5 –57.5+ –102.7* –111.0 –79.0 –131.7 –137.5 –137.5

2 · 2 –147.6 23.6 43.8 –241.2 122.3* –171.2 –147.6 –147.6

3 · 3 –220.9** –19.3 –101.1 –179.5* –26.9 –172.7 –220.9* –220.9**

4 · 4 –52.0 –2.6 –69.2* –75.7 –13.3 –67.0 –52.0 –52.0

5 · 5 50.6 72.3+ –31.4 –1.5 86.2+ 44.7 50.6 50.6

6 · 6 –299.7** –214.5 –2.8 –243.2* –192.3* –308.2** –299.7** –299.7**

7 · 7 –27.0 –67.7* 18.7 –5.2 –56.2+ –35.0 –27.0 –27.0

8 · 8 –220.9** –102.0** –48.5 –143.9 –114.3* –181.6 –220.9** –220.9*

9 · 9 –301.6** –56.0 –23.1 –257.4** –56.2 –264.3* –301.6** –301.6**

10 · 10 –171.4* –146.0** –50.9 –102.2 –151.0** –144.5 –171.4* –171.4

11 · 11 –233.5** –181.1** –64.1 –134.3 –192.6** –195.5 –233.5** –233.5*

12 · 12 –186.7** –155.0** –38.4 –119.2 –160.5** –169.1* –186.7* –186.7*

13 · 13 –280.9** –99.3** –105.7* –189.7* –130.4* –225.7* –280.9** –280.9**

14 · 14 –317.6** –118.7* 3.8 –278.5* –68.8 –305.2* –317.6** –317.6**

15 · 15 –83.8 –80.1** –67.1 –4.3 –98.8* –46.6 –83.8 –83.8

16 · 16 –63.1 –94.4** –25.0 –10.6 –111.3** –53.7 –63.1 –63.1

17 · 17 –270.2** –138.5** 49.1 –243.3* –81.8 –284.3** –270.2** –270.2**

18 · 18 –244.6** –145.6** –61.4 –144.8 –160.0** –185.9 –244.6* –244.6*

19 · 19 –73.2 –46.9** –49.8 –43.6 –68.3* –30.7 –73.2 –73.2

1 · 6 163.2* 70.9* –53.0 221.8** 21.4 193.3* 163.2 163.2*

1 · 7 –130.7* –21.0 –35.7 –103.2 –44.0 –113.4 –130.7* –130.7*

1 · 8 198.7** 46.4 84.7** 108.6 86.5** 134.3 198.7** 198.7**

1 · 9 46.5 10.4 0.5 87.4 –6.6 68.2 46.5 46.5

1 · 10 –101.3 7.1 83.2* –157.6** 68.3 –130.9* –101.3* –101.3

1 · 11 141.5** 35.4 64.3 92.4 58.0 105.7 141.5* 141.5*

1 · 12 –90.4 13.4 16.4 –104.9 39.0 –86.4 –90.4 –90.4

1 · 13 –5.7 9.5 9.6 –25.0 15.7 –16.3 –5.7 –5.7

1 · 14 80.6 7.3 –25.3 121.9 –33.5 100.1 80.6 80.6

1 · 15 126.8 –4.1 58.7* 68.5 10.5 72.4 126.8 126.8

1 · 16 –100.1 –1.0 4.5 –82.2 8.9 –87.5 –100.1 –100.1

1 · 17 75.5 8.7 –31.9 122.3 –27.2 115.1 75.5 75.5

1 · 18 179.3* 73.3** 4.7 141.2 52.9 148.1 179.3* 179.3*

1 · 19 85.0 14.5 44.6* 32.2 35.4 48.3 85.0 85.0

2 · 6 96.4 49.6* –3.0 102.9 33.7 92.4 96.4 96.4

2 · 7 137.7 56.5* –30.5 140.6* 17.9 148.4 137.7 137.7

2 · 8 93.3* –15.9 –4.8 115.2* –29.4 94.3 93.3* 93.3*

2 · 9 159.6** 29.5 –21.5 226.3** –4.8 192.4** 159.6* 159.6**

2 · 10 170.2* 38.7 26.0 131.9 25.3 135.0 170.2* 170.2*

2 · 11 86.8 75.3** –66.1 104.3 9.2 99.4 86.8 86.8

2 · 12 0.1 19.5 –29.1 12.7 –18.2 12.3 0.1 0.1

2 · 13 165.3** 61.7 109.4** 38.3 125.8** 83.4 165.3** 165.3*

2 · 14 136.7 48.6 –5.7 113.8 30.4 115.9 136.7 136.7

2 · 15 –51.8 –46.8 –10.6 –16.1 –54.2 –31.5 –51.8 –51.8
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Table 4 continued

Crossa LYb LP ? LY BW ? LY BN ? LY LP &

BW ? LY

LP &

BN ? LY

BW &

BN ? LY

LP, BW &

BN ? LY

2 · 16 73.0 –4.2 –11.4 70.1 –28.7 50.5 73.0 73.0

2 · 17 31.0 18.8 –25.5 47.2 –19.0 34.9 31.0 31.0

2 · 18 75.4 94.9* 14.1 36.1 96.5** 76.8 75.4 75.4

2 · 19 –203.5* 14.0 21.0 –206.3* 68.8 –167.6 –203.5* –203.5*

3 · 6 124.1 104.2** 22.4 69.4 103.8** 99.5 124.1 124.1

3 · 7 110.9 34.5 21.0 84.7 36.7 93.0 110.9 110.9

3 · 8 7.8 –20.6 13.6 2.9 –15.4 –3.4 7.8 7.8

3 · 9 61.8 –14.5 –50.3* 162.9* –50.3 122.5 61.8 61.8

3 · 10 13.5 79.5* –49.2* 21.3 46.9 57.9 13.5 13.5

3 · 11 136.5 24.8 50.6 90.8 36.5 101.3 136.5 136.5

3 · 12 109.2* 60.8** 66.5** 42.7 94.8** 72.7 109.2* 109.2*

3 · 13 165.9 24.5 67.7 89.5 41.6 107.9 165.9 165.9

3 · 14 95.8 1.5 29.5 68.0 –6.4 64.4 95.8 95.8

3 · 15 1.9 36.1 31.5 –64.6 58.8 –35.3 1.9 1.9

3 · 16 –57.7 11.0 23.7 –64.5 32.5 –43.5 –57.7 –57.7

3 · 17 125.1* 43.8 –64.0* 156.7* –20.5 151.1* 125.1* 125.1*

3 · 18 –103.2 –12.2 12.9 –99.5 13.3 –95.5 –103.2 –103.2

3 · 19 78.7 83.4* 53.6 2.0 116.5* 61.3 78.7 78.7

4 · 6 41.7 –7.0 –2.6 76.4 –19.0 57.4 41.7 41.7

4 · 7 –81.3 –5.4 6.6 –90.0 12.3 –69.8 –81.3 –81.3

4 · 8 –41.3 6.3 –19.6 –38.6 2.3 –25.1 –41.3 –41.3

4 · 9 134.5 32.2 –34.6 183.1 –6.5 167.9 134.5 134.5

4 · 10 99.9 35.6 110.2* 1.3 100.8* 34.3 99.9 99.9

4 · 11 –115.2 5.0 51.5 –145.1* 54.3 –118.8 –115.2 –115.2

4 · 12 –130.3 –39.7 7.6 –96.6 –17.3 –89.4 –130.3 –130.3

4 · 13 –6.9 –15.8 83.0* –60.0 45.4 –45.6 –6.9 –6.9

4 · 14 –0.5 –38.4 –24.1 39.4 –68.5 18.2 –0.5 –0.5

4 · 15 97.3 64.3** 26.2 52.5 58.8 76.2 97.3 97.3

4 · 16 124.1 –9.1 40.0 62.4 3.2 59.2 124.1 124.1

4 · 17 29.5 –6.6 –40.1 75.2 –36.4 59.5 29.5 29.5

4 · 18 92.0 97.5** 21.2 50.6 104.3** 97.9 92.0 92.0

4 · 19 13.3 76.4* –9.8 –3.0 75.8* 34.5 13.3 13.3

5 · 6 264.9* 126.7** –39.7 263.0* 61.2 263.7* 264.9* 264.9*

5 · 7 –51.8 –0.7 –19.0 –47.4 –4.2 –49.4 –51.8 –51.8

5 · 8 –63.1 33.0 –5.0 –29.5 39.3 –11.1 –63.1 –63.1

5 · 9 –65.9 0.3 –38.4 –9.6 –16.9 –20.6 –65.9 –65.9

5 · 10 49.3 13.9 1.0 17.5 11.0 22.7 49.3 49.3

5 · 11 –13.9 –12.9 37.8 –45.9 0.8 –49.2 –13.9 –13.9

5 · 12 190.4* 40.6 31.9 139.3 29.1 137.3 190.4* 190.4*

5 · 13 –28.3 –159.9 60.5 –11.1 –131.1* –61.8 –28.3 –28.3

5 · 14 280.9** 78.8 6.3 240.5* 46.7 245.7* 280.9** 280.9*

5 · 15 –49.3 47.0 46.8 –117.0 80.2 –82.8 –49.3 –49.3

5 · 16 66.4 –22.7 4.7 67.2 –24.5 32.9 66.4 66.4

5 · 17 56.3 20.9 –18.2 74.3 0.4 72.8 56.3 56.3
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Table 4 continued

Crossa LYb LP ? LY BW ? LY BN ? LY LP &

BW ? LY

LP &

BN ? LY

BW &

BN ? LY

LP, BW &

BN ? LY

5 · 18 –3.9 86.5 3.1 –13.4 86.8* 20.8 –3.9 –3.9

5 · 19 –106.6 17.2 20.9 –104.9 39.4 –83.2 –106.6 –106.6

*, significant at £0.05; **, significant at £0.01
a Parents for cross are given in Table 3
b Dominance effects for lint yield are given in the first column and dominance contribution effects to lint yield due to each

component trait or combination of component traits are given in the second to seventh columns.

Table 5 AA effects for lint yield (kg ha–1, the first column)) and AA contribution effects to lint yield (kg ha–1, the remaining

columns)

Crossa LYb LP ? LY BW ? LY BN ? LY LP &

BW ? LY

LP &

BN ? LY

BW &

BN ? LY

LP, BW &

BN ? LY

1 · 1 10.2 8.3* 2.1 –7.0 15.8* –6.3 1.3 3.6

2 · 2 –34.1 38.5** –25.5* –22.8 2.0 1.3 –43.9 –37.3

3 · 3 –4.08 32.8** –6.1 –19.0* 34.3 –0.6 –25.1** 2.0

4 · 4 6.1 18.7* –13.0 –2.8 7.0 10.7 –18.0* –5.6

5 · 5 –17.8 37.3** –8.3 –29.3* 29.9 –12.1 –32.7* –16.4

6 · 6 –59.4** –34.6* –9.9 –29.8 –46.0** –45.4* –41.1 –60.9**

7 · 7 –24.6 –15.2* –1.2 –15.7 –15.5* –22.8 –21.4 –24.2

8 · 8 –46.4* –17.3 –12.9 –21.2 –29.5* –24.6 –40.8 –46.4*

9 · 9 –60.5** –4.9 1.0 –43.4 –3.8 –44.6 –57.2* –55.1*

10 · 10 –58.8* –18.3 –13.0 –41.4 –29.2 –43.4 –51.1* –54.6*

11 · 11 –63.6* –28.2 –11.7 –42.5 –36.5* –51.2* –54.5* –62.8*

12 · 12 –46.9* –28.2* –7.3 –30.1 –33.0* –38.5 –40.1* –46.0*

13 · 13 –43.9* –17.8 –17.7 –25.9 –29.7* –29.6 –38.2* –44.0*

14 · 14 –46.1* –13.6 –8.7 –27.8 –23.0 –33.4 –37.6 –44.1*

15 · 15 –31.1** –13.7 –14.1* –13.0 –23.9** –16.8 –28.7** –32.8**

16 · 16 –59.5* –23.0 –5.9 –38.9 –28.8 –49.9 –41.8 –53.3*

17 · 17 –43.2* –22.4* 6.5 –29.2 –16.4 –39.3* –28.0 –31.3

18 · 18 –24.9 –18.8* –11.2 –1.8 –29.3* –1.9 –23.3 –24.3

19 · 19 –52.2* –0.6 –15.0 –32.6* –19.3 –17.9 –53.9* –46.2*

1 · 6 27.7* 9.9 –13.4 34.5* 1.3 31.5* 20.2 21.3

1 · 7 –7.5 –0.5 –9.9 3.5 –11.6* 4.3 –5.3 –10.3

1 · 8 6.8 –0.2 –0.9 4.2 –7.3 1.6 4.4 –1.7

1 · 9 –8.7 4.1 –8.7 10.2 –6.3 11.5 –4.7 –5.0

1 · 10 3.1 0.2 23.0** –14.0 23.8* –15.5* 16.2* 21.9**

1 · 11 –2.2 –2.9 –0.1 –0.2 –6.7 –3.1 3.2 –2.5

1 · 12 –3.4 6.4* –3.5 –2.6 2.5 –0.7 –3.3 –2.1

1 · 13 –14.4 –3.3 8.4 –16.1 4.0 –17.7 1.1 –2.4

1 · 14 18.4 –8.5* 0.5 23.7* –6.0 16.6 27.4* 18.7

1 · 15 31.1* –11.4* 14.6* 13.1 2.8 3.4 29.6** 25.6*

1 · 16 –2.9 –0.9 –2.0 5.7 –3.9 4.2 8.4 3.1

1 · 17 6.3 –6.9* –1.2 12.1 –7.9 6.5 10.0 2.8

1 · 18 18.0 8.0 –6.8 18.3 0.7 20.4* 5.9 7.9
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Table 5 continued

Crossa LYb LP ? LY BW ? LY BN ? LY LP &

BW ? LY

LP &

BN ? LY

BW &

BN ? LY

LP, BW &

BN ? LY

1 · 19 25.2** 2.5 10.7* 7.1 14.1** 8.0 15.4 22.8**

2 · 6 33.6** 2.0 5.0 29.2 8.7 24.6 33.3* 31.2*

2 · 7 16.7 4.4 –9.0 20.0 –6.8 21.1 10.2 5.2

2 · 8 17.6 –4.8 13.0 5.7 13.9* 0.7 19.2 23.9

2 · 9 13.5 1.9 –10.2 36.0** –11.3 36.8** 21.6* 17.1*

2 · 10 32.8 –8.1 12.0 18.9 3.9 12.9 36.0 31.6

2 · 11 27.2 7.2 –1.0 19.8 12.2 19.6 16.2 19.1

2 · 12 27.3* –3.1 7.4 17.6* 6.9 14.1 24.9* 23.3*

2 · 13 18.0 3.8 24.0* –13.6 27.9* –16.7 18.6 23.2

2 · 14 34.0 3.3 10.3 13.1 19.7* 8.2 22.5 25.4

2 · 15 –12.2 –2.4 10.8 –21.6* 12.1 –22.4* –5.3 –0.8

2 · 16 36.6 –11.5* –0.1 32.0 –9.6 23.1 33.7 23.7

2 · 17 10.8 –1.8 –2.5 16.0 –4.8 14.0 10.5 5.2

2 · 18 17.3 18.6* 8.3 3.5 26.8* 10.5 7.4 17.6

2 · 19 –27.0** 24.7** –0.6 –29.8** 22.7 –12.0 –30.5** –13.4

3 · 6 36.6* 10.8 7.2 24.2* 17.8+ 22.9 26.9* 27.3*

3 · 7 5.9 1.3 4.0 5.0 0.2 6.2 9.6 5.8

3 · 8 17.6 –7.6** 10.0 7.2 4.4 3.5 16.2 18.2

3 · 9 –3.5 4.1 –17.6* 23.7* –15.0 28.1* –0.2 –1.3

3 · 10 –6.0 17.0** –6.8 –6.2 8.6 3.5 –10.8 –7.8

3 · 11 18.6 –6.6 13.3 7.8 6.8 3.0 23.8 22.5

3 · 12 13.2 3.2 7.6 4.0 7.1 5.0 12.5 13.5

3 · 13 12.6 –5.0 0.1 3.8 –8.7 1.0 8.0 1.1

3 · 14 13.3 –10.4* 5.9 14.7 –7.5 9.7 21.4+ 11.0

3 · 15 –8.1 12.3** –14.4* –4.7 –8.5 3.5 –19.3 –20.5

3 · 16 8.1 2.8 11.6** 0.7 13.6* 0.7 14.2 15.0

3 · 17 14.0 3.1 –12.7 22.6 –10.1 22.9 3.5 –1.9

3 · 18 –11.0 11.0** 2.4 –16.1* 17.1 –8.0 –17.7* –4.6

3 · 19 13.3 15.5** 10.5 –6.2 24.4* 3.4 4.0 16.9

4 · 6 13.3 –8.3** 6.6 15.8 –0.7 10.2 22.6* 18.8

4 · 7 –4.3 5.2* 0.8 –8.6 5.5 –5.3 –7.7 –4.6

4 · 8 –7.7 7.3** –5.9 –5.5 1.3 –0.8 –12.2 –8.6

4 · 9 31.1** 2.0 –12.4 46.8** –11.2 47.2** 25.8 23.5

4 · 10 19.3 –2.2 17.8* 2.2 12.3 0.8 24.3* 26.9*

4 · 11 2.1 0.7 9.4 –3.8 8.5 –2.2 8.3 11.9

4 · 12 –31.2 0.4 7.4 –31.2* 8.7 –27.2* –19.0 –10.7

4 · 13 –2.1 –6.9 13.5* –14.4* 4.1 –16.6* 5.9 6.4

4 · 14 –24.4 –4.2 –2.3 –15.0 –7.1 –14.7 –14.4 –15.9

4 · 15 7.8 5.5* 9.4 –1.5 15.0* 0.5 8.6 11.4

4 · 16 32.9 –12.1 5.9 16.7 –3.2 7.0 22.4 17.0

4 · 17 –9.8 2.4 –12.8* 2.4 –10.5* 4.2 –12.7 –13.5

4 · 18 –16.6* 20.6** 4.8 –25.4** 24.3 –14.0 –23.5** –9.0

4 · 19 14.5 18.3** –1.2 0.5 20.9 11.6 –3.9 9.8
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P16–P17. Positive additive contribution effects on lint

yield due to lint percentage and boll number were

detected for P1–P3 and P5, while negative effects

were detected for P8–P13 and P16 due to the same two

component traits. Positive additive contribution

effects on lint yield were detected for P1–P3, P5, P6,

and P16 due to boll number and boll weight, while

negative effects were detected for P8, P9, P12, and

P17–P19 due to the same two component traits.

Positive additive contribution effects were detected

for P1–P3, P5, and P6 due to the three component

traits while negative effects for P8, P9, P11–P13,

P17–P19 due to these three component traits.

Although boll weight alone played no role on lint

yield in terms of additive effects, the combination of

this trait with boll number accounted for the majority

of additive variance for lint yield. This indicated that

selection of high yielding pure lines needs consider-

ation of both boll weight and boll number.

Dominance contribution effects

Our previous study showed that the dominance

effects were a primary genetic factor responsible for

lint yield (McCarty et al. 2004a). The size of

heterosis of a cross is determined by homozygous

dominance effects of two parental lines and hetero-

zygous dominance effect of that cross. Detection of

dominance contribution effects may help breeders

determine heterosis of a target trait (lint yield in this

study) related to the dominance effects of one or

several component traits.

The correlations between predicted dominance

effects for lint yield and dominance contribution effects

to lint yield were estimated. Except that the correlation

coefficients were not significant between dominance

effects for lint yield and the dominance contribution

effects, the dominance effects for lint yield had signif-

icant and positive correlations with dominance

contribution effects due to each single component trait

or each combination of multiple component traits

(Table 4). The results showed that the squared correla-

tion coefficients were close to the dominance

contribution ratios, indicating the consistence of esti-

mation of dominance contribution ratios (Table 2) and

prediction of dominance contribution effects (Table 4).

Numerically, 18 out of 19 homozygous dominance

effects on lint yield were negative, while 50 out 70

crosses had positive heterozygous dominance effects

Table 5 continued

Crossa LYb LP ? LY BW ? LY BN ? LY LP &

BW ? LY

LP &

BN ? LY

BW &

BN ? LY

LP, BW &

BN ? LY

5 · 6 40.3** 10.5 –5.8 41.7** 4.0 39.1** 32.5* 26.0*

5 · 7 19.2 4.0 8.0 5.7 16.0* 4.4 14.0 16.9

5 · 8 –16.9 11.2** –3.2 –9.5 5.6 –2.8 –10.8 –8.0

5 · 9 20.3 5.2 –5.0 30.6* 1.1 31.6* 19.2 19.9

5 · 10 39.1** –1.3 –0.8 27.0 0.2 23.8 28.5 25.5

5 · 11 18.4 –11.0** 7.6 17.5 –4.8 12.1 26.8* 20.3*

5 · 12 12.3 –2.4 –2.4 12.7 –7.4 10.6 9.0 2.7

5 · 13 –1.2 –33.3** 19.9* –7.5 –11.3 –21.6* 24.3 17.8

5 · 14 37.3 –1.1 –1.1 28.2 –2.7 22.1 28.1 20.2

5 · 15 31.9* 3.4 11.6 16.4 12.9 15.6 28.6* 26.0

5 · 16 38.2* –11.6 –1.2 33.9 –10.9 24.3 36.1* 26.9

5 · 17 0.6 2.9 –9.0 8.2 –9.5 8.6 –2.8 –7.6

5 · 18 –26.6 22.2** –2.8 –20.7 13.6 –7.1 –25.7 –18.8

5 · 19 –1.4 11.1** 16.4 –16.1 28.9+ –7.7 3.4 18.9*

*, significant at £ 0.05; **, significant at £ 0.01
a Parents for cross are given in Table 3
b AA effects for lint yield were listed in the first column and AA contribution effects to lint yield due to each component trait or

combination of component traits were listed in the second to seventh columns
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on lint yield, indicating that the majority of these

crosses should have positive heterosis for lint yield

(Table 4).

As we previously stated that the dominance

variance in lint yield was mainly accounted for by

boll number or boll number with other component

trait(s) (Table 2), predicted dominance contribution

effects affirmed this pattern. Generally, the contribu-

tion effects on lint yield due to boll number, or boll

number with other component trait(s) were close to

the dominance effects for lint yield. For example,

lower homozygous dominance effects for parents

3, 6, 9, 13, 14, 17 and heterozygous dominance

effects for crosses 1 · 10 and 2 · 19 were related to

lower homozygous dominance contribution effects

due to boll number, or boll number with other

component trait(s). Positive heterozygous dominance

effects on lint yield for crosses 1 · 6, 2 · 8, 2 · 9,

3 · 17, 5 · 6, and 5 · 14 were related to the

corresponding contribution effects due to boll number

or boll number with other component trait(s).

Although boll weight or lint percentage alone

played a small role in determining dominance effects

on lint yield (Table 2), some dominance effects (both

homozygous and heterozygous) for lint yield were

significantly contributed by lint percentage or boll

weight alone. For example, homozygous dominance

effects for parents 6, 8, 10, 11, 12, 13, 14, 17, and 18

and heterozygous dominance effects for crosses

1 · 6, 1 · 18, 3 · 12, and 5 · 6 were significantly

related to lint percentage. Homozygous dominance

effect for parents 4 and 13 and heterozygous dom-

inance effects for crosses 1 · 8, 2 · 13, and 3 · 12

were significantly related to boll weight.

In some cases, a single trait alone made non-

significant dominance effect contributions to lint

yield; however, the combination of two traits made

significant dominance contribution effects to lint

yield. For example, no boll weight or boll number

made a significant homozygous dominance effect

contributed to lint yield for parents 8 and 10;

however, combination of boll weight and boll number

made significant dominance contribution effects to

lint yield for these two parents (–220.9 kg/ha and

–171.4 kg/ha, respectively). Similar examples were

found for crosses 1 · 11 and 1 · 18. The results

suggested the importance of considering both traits

used for hybrid yield improvement.

AA contribution effects

Our previous study showed that the AA effects were

one of the more important genetic factors controlling

lint yield (McCarty et al. 2004a, b). AA effects

are not only responsible for determining heterosis

(Xu and Zhu 1999) but also useful for pure line

selection because AA effects can be fixed through

selection. Thus detecting AA contribution effects is

very useful for a target trait (lint yield in this study)

improvement through indirect selection of one or

several component traits.

The correlations between predicted AA effects on

lint yield and predicted AA contribution effects to lint

yield were estimated. The results showed that AA

effects on lint yield had significant and positive

correlations with AA contribution effects due to each

single component trait (except lint percentage) and

multiple component traits (Table 5). The results

showed that the squared correlation coefficients were

very close to the AA contribution ratios.

In the same way as dominance contribution effects,

AA contribution effects can be classified as

homozygous and heterozygous. The patterns of AA

contribution effects from component traits to lint yield

were different among parents. For example, the

homozygous AA contribution effects on lint yield

were –34.6 kg/ha, –46kg/ha, –45.4kg/ha, and –60.9kg/

ha were due to lint percentage, lint percentage with

boll weight, lint percentage with boll number, and lint

percentage with boll number and weight for parent 6,

respectively (Table 5). It appeared that lint percent-

age or lint percentage with other component traits,

boll weight and/or boll number was an important

contributor to homozygous AA effect for this parent.

Another example was that no single component trait

made significant AA contribution effect to lint yield

for parent 11, while each of component trait combi-

nations had significant AA contribution effects to lint

yield (lint percentage with boll weight, –36.5 kg/ha;

lint percentage and boll number, –51.2kg/ha; boll

weight and boll number, –54.5kg/ha, and three

component traits, –62.8 kg/ha, respectively). In some

cases, no single component trait made significant AA

contribution effect to lint yield, while parts of

combinations of these traits made significant AA

contribution to lint yield, i.e. parents 13 and 19 and

crosses 2 · 6, 5 · 15, and 5 · 16. The above results
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suggested that yield component traits used for yield

improvement could be genotype-specific.

Discussion

Among many types of epistatic effects, AA effects

may be the most attractive for plant breeding. AA

effects can be used for pure line selection because

they can be fixed since additive effects are fixable

(McCarty et al. 2004a). In addition, AA effects can be

classified as homozygous and heterozygous, thus they

can be used to predict heterosis for a specific cross as

dominance effects (Xu and Zhu 1999; McCarty et al.

2004b). In this study, we applied the ADAA genetic

model with the conditional approach extended from

our previous study (Wu et al. 2004, 2006a).

Phenotypically, boll number was the major con-

tributor to lint yield. Similar results were also

reported in our previous studies (Wu et al. 2004,

2006a) and other studies (Zhu 1995; Wen and Zhu

2005). Therefore, boll number is a determining

component trait for cotton lint yield. As found in

this study and other studies (Wu et al. 2004, 2006a),

boll weight alone was not an important component

trait for cotton lint yield in terms of various types of

genetic effects; however, the combination of this trait

with boll number greatly improved the contributions

to lint yield compared to boll number or boll weight

alone. For example, the contribution ratios for

additive effects, dominance effects, and AA effects

due to boll weight were 0%, 6.4%, and 24%,

respectively and those due to boll number were

50.3%, 85.6%, and 80.4%, respectively (Table 2).

However, the corresponding contribution ratios due

to boll number and boll weight became 85.9%, 100%,

and 91.8%, respectively. Similar results were also

found in predicted contribution effects. Therefore, the

heterosis and genotypic values in lint yield should be

highly related to these contribution effects due to boll

number and boll weight. The above results suggested

that an appropriate breeding scheme with balanced

selection for boll number and boll weight is very

important for cotton yield improvement.

Yield and fiber strength are two important traits to

be improved in current cotton breeding programs. The

day-neutral lines used in our previous studies

(McCarty et al. 2004a, b) and this study were selected

for high fiber strength during their development.

These lines were used as male parents to cross to five

commercial cultivars. The correlation between lint

yield and fiber strength was –0.71 and –0.33 for

additive effects for AA effects (these effects were

calculated by McCarty et al. 2004b). However, since

both additive effects and dominance effects had small

contributions to lint yield (6.1% and 3.0%, respec-

tively), the negative correlations between these two

traits regarding additive effects and AA effects should

not have major determining influence on the pheno-

typic correlation between these two important traits.

That’s why most F6 hybrids had no significant

difference in lint yield from the commercial parents

while they were significantly greater than their

corresponding female parents (commercial parents)

for fiber strength (McCarty et al. 2004b). Therefore,

high yielding lines or hybrids with improved fiber

quality could be obtained through a balanced selection

of boll number and boll weight from some hybrids.

The phenotypic contribution ratios obtained by the

conditional approach are equivalent to the coeffi-

cients of determination obtained by linear regression

analysis (Wu et al. 2004). Thus, the conditional

approach applied to dissect the genetic relationship

between a complex trait and its component traits has

advantages over the regression analysis in three

aspects: (1) contribution ratios regarding different

types of genetic effects can be determined; (2)

different types of genetic contribution effects, i.e.

additive or AA contribution effects in this study, can

be determined; and (3) the genetic model is

expandable.

The materials used in our two previous studies

(Wu et al. 2004, 2006a) and in this study were

different. For example, the materials used in Wu

et al’s study (Wu et al. 2004) were two parental lines

and 188 recombinant inbred lines derived from these

two parents. Eleven commercial cultivars were used

in another study (Wu et al, 2006a). In this study, the

materials we used were 14-day-neutral lines devel-

oped from race stocks (McCarty et al. 2004a), five

commercial cultivars, and their F2 hybrids. In addi-

tion, the genetic model used in the two previous

studies differed from the one used in this study.

However, the phenotypic contribution ratios obtained

by this study (bottom line of Table 2) and the two

previous studies (bottom line of Table 4, Wu et al.

2004) and (bottom lines of Table 2, Wu et al. 2006a)

were very comparable. Thus, the results suggest that
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genetic relationships between lint yield and its

component traits could be different while phenotypic

relationships between yield and its component traits

appear similar. Boll number used in this study and

one previous study (Wu et al. 2004) were calculated

by seed cotton yield and boll weight determined by

sampled bolls from the middle part of plants (Tang

et al. 1996), while boll number and boll weight used

in the other study (Wu et al. 2006a) was determined

from box mapping data. Thus, the results suggest that

boll number calculated by harvested seed yield and

hand-harvest boll samples is comparable to box

mapping data (Jenkins and McCarty 1995), which is

very time-consuming. In addition, it appears that boll

weight determined by hand-harvest boll samples from

the middle of plants is a good representative to boll

weight from the whole plants.

Genotype by environment interaction is an impor-

tant character for a quantitative trait. Thus, a genetic

experiment is usually conducted over multiple envi-

ronments. The environmental effects can be

considered as fixed (Zhu 1994; Wu et al. 2003;

McCarty et al. 2004a) or random (Wu et al. 2006a).

The number of environments used usually is small

and thus it is consider as fixed. However, environ-

mental effects were considered random in detecting

of conditional variance components and conditional

effects (Wu et al. 2004, 2006a). In our previous study,

the environmental effects were treated as fixed

effects; while in this study of conditional analyses,

we treated the environmental effects as random. Not

only were the estimated variance components similar,

but also were the predicted additive effects, domi-

nance effects, AA effects obtained by both

assumptions very similar (McCarty et al. 2004b).

Even though we have not theoretically compared the

results for these two assumptions, we would expect

similar results in most cases. We plan a future

investigation to further target this conclusion through

a Monte Carlo simulation technique.

References

Ball RA, McNew RW, Vories ED, Keisling TC, Purcel LC

(2001) Path analyses of population density effects on

short-season soybean yield. Agron J 93:187–195

Bora GC, Gupta SN, Tomer YS, Singh S (1998) Genetic var-

iability, correlation and path analysis in faba bean (Vicia
faba). Indian J Agric Sci 68:212–214

Bowman DT, May OL, Calhoun DS (1996) Genetic base of

upland cotton cultivars released between 1970 and 1990.

Crop Sci 36:577–581

Bowman DT, May OL, Calhoun DS (1997) Coefficients of

parentage for 260 cotton cultivars released between 1970

and 1990. USDA-ARS Technical Bulletin No. 1852.

USDA-ARS, Washington, DC, 80 pp

Calhoun DS, Bowman DT, May OL (1994) Pedigrees of

Upland and Pima cotton cultivars released between 1970

and 1990. Mississippi Agric & For Exp Stn Bulletin 1017

Calhoun DS, Bowman DT, May OL (1997) Pedigrees of

upland and pima cotton cultivars released between 1970

and 1995. Mississippi Agric & For Exp Stn Bull 1069

Cheverud JM, Routman EJ (1996) Epistasis as a source of

increased additive genetic variance as population bottle-

necks. Evolution 50:1042–1051

Comstock RE, Robinson HF (1948) The components of genetic

variance in populations of biparental progenies and their

use in estimating the average degree of dominance. Bio-

metrics 4:254–266

Cramer CS, Wehner TC (2000) Path analysis of the correlation

between fruit number and plant traits of cucumber popu-

lation. Hortic Sci 35:708–711

Culp TW, Harrell DC (1975) Influence of lint percentage, boll

size, and seed size on lint yield of upland cotton with high

fiber strength. Crop Sci 15:741–746

Jenkins JN, McCarty JC (1995) Useful tools in managing

cotton production: end of season plant maps. Mississippi

Agric & For Exp Stn Bull 1024

McCarty JC, Jenkins JN (1992) Characteristics of 79 day-

neutral primitive race accessions. Mississippi Agric & For

Exp Stn Bull 184

McCarty JC, Jenkins JN, Tang B (1995) Primitive cotton

germplasm: variability for yield and fiber traits. Missis-

sippi Agric & For Exp Stn Bull 202

McCarty JC, Jenkins JN, Zhu J (1998a) Introgression of day-

neutral genes in primitive cotton accessions: I. Genetic

variances and correlations. Crop Sci 38:1425–1428

McCarty JC, Jenkins JN, Zhu J (1998b) Introgression of day-

neutral genes in primitive cotton accessions: II. Predicted

genetic effects. Crop Sci 38:1428–1431

McCarty JC, Jenkins JN, Wu J (2003) Use of primitive

accessions of cotton as sources of genes for improving

yield components and fiber properties. Mississippi Agric

& For Exp Stn Bull 1130

McCarty JC, Jenkins JN, Wu J (2004a) Primitive accession

germplasm by cultivar crosses as sources for cotton

improvement: I: phenotypic values and variance compo-

nents. Crop Sci 44:1226–1230

McCarty JC, Jenkins JN, Wu J (2004b) Primitive accession

germplasm by cultivar crosses as sources for cotton

improvement: II. Genetic effects and genotypic values.

Crop Sci 44:1231–1235

McCarty JC, Jenkins JN, Wu J (2005a) Potential of primitive

accessions for cotton improvement. Mississippi Agric &

For Exp Stn Bull 1141

McCarty JC, Wu J, Jenkins JN, Mo X (2005b) Evaluating

American and China cotton cultivars and their crosses for

improvement. Cotton Sci (China) 17(1):47–55

McCarty JC, Wu J, Jenkins JN (2006) Genetic diversity for

agronomic and fiber traits in day-neutral accessions

Euphytica (2008) 161:337–352 351

123



derived from primitive cotton germplasm. Euphytica

148:283–293

Melchinger AE, Singh M, Link W, Utz HF, von Kittlitz E

(1994) Heterosis and gene effects of multiplicative char-

acters: theoretical relationships and experimental results

from Vicia faba L. Theor Appl Genet 88:343–348

Meredith WR (1990) Yield and fiber-quality potential for

second generation hybrids. Crop Sci 30:1045–1048

Miller RG (1974) The jackknife: a review. Biometrika 61:1–15

Percival AE (1987) The national collection of Gossypium

germplasm. Southern Cooperative Series Bulletin 321

Percival AE, Kohel RJ (1990) Distribution, collection, and

evaluation of Gossypium. Adv Agron 44:225–256

Piepho HP (1995) A simple procedure for yield component

analysis. Euphytica 84:43–48

Samonte SOP, Wilson LT, McClung AM (1998) Path analyses

of yield and yield-related traits of fifteen diverse rice

genotypes. Crop Sci 38:1130–1136

Sparnaajj LD, Bos I (1993) Components analysis of complex

characters in plant breeding I. Proposed method for

qualifying the relative contribution of individual compo-

nents to variation of the complex characters. Euphytica

70:225–235

Swindle MG (1993) Performance of F2 hybrids in cotton from

crosses of exotic germplasm and cultivars. M.S. Thesis,

Mississippi State Univ., Mississippi State, MS

Tang B, Jenkins JN, Watson CE, McCarty JC, Creech RG

(1996) Evaluation of Genetic variances, heritabilities, and

correlations for yield and fiber traits among cotton F2

hybrid populations. Euphytica 91:315–322

Wen Y, Zhu J (2005) Multivariable conditional analysis for

complex trait and its components. Acta Genetica Sinica

32(3):289–296

Worley S, Culp TW, Harrell DC (1974) The relative contri-

butions of yield components to lint yield of upland cotton,

Gossypium hirsutum L. Euphytica 23:399–403

Wright S (1920) The relative importance of heredity and

environment in determining the piebald pattern of guinea-

pigs. Proc Natl Acad Sci USA 6:320–332

Wu J, Zhu J, Fu X, Ji D (1995) Analysis of genetic effect by

environment interactions for yield traits in upland cotton

(Chinese). Heredita 17(5):1–4

Wu J, Zhu J, Jenkins JN (2003) Mixed linear model approaches

in quantitative genetic models (book chapter). In: Kang

(ed) Books of Formulars, software, and techniques for
genetics and breeders. The Haworth Reference Press Inc.,

New York

Wu J, Jenkins JN, McCarty JC, Zhu J (2004) Genetic associ-

ation of yield with its component traits in a recombinant

inbred line population of cotton. Euphytica 140:171–179

Wu J, Wu D, Jenkins JN, McCarty JC (2006a) A recursive

approach to detect multivariable conditional variance

components and conditional random effects. Comp Stat

Data Ana 50:285–300

Wu J, Jenkins JN, McCarty JC, Wu D (2006b) Variance

component estimation using the additive, dominance, and

additive · additive model when genotypes vary across

environments. Crop Sci 46:174–179

Xiao B, Zhu J, Lu X, Li Y, Bai Y (2005) Genetic analysis for

chemical constituents in flue-cured tobacco (Nicotiana
tabacum L.). Acta Agronomic Sinica 31:1157–1161

Xu Z, Zhu J (1999) A new approach for predicting heterosis

based on an additive, dominance and additive · additive

model with environment interaction. J Hered 82:510–517

Zhu J (1989) Estimation of genetic variance components in the

general mixed model. Ph.D. Dissertation, North Carolina

State University, Raleigh (Diss abstract. DA 8924291)

Zhu J (1993) Methods of predicting genotype value and het-

erosis for offspring of hybrids. J Biomath (Chinese)

8(1):32–44

Zhu J (1994) General genetic models and new analysis meth-

ods for quantitative traits (Chinese). J Zhejiang Agric

Univ 20:551–559

Zhu J (1995) Analysis of conditional effects and variance

components in developmental genetics. Genetics

141:1633–1699

352 Euphytica (2008) 161:337–352

123


	Genetic association of cotton yield with its component traits in derived primitive accessions crossed by elite upland cultivars using the conditional ADAA genetic model
	Abstract
	Introduction
	Materials and methods
	Plant materials and experimental design
	Genetic models and analysis methods

	Results
	Phenotypic correlations among lint yield �and yield components by generations
	Contribution ratios due to yield components
	Contribution effects
	Additive contribution effects
	Dominance contribution effects
	AA contribution effects


	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


